Background: To reduce colorectal cancer mortality, positive fecal blood tests must be followed by colonoscopy.
Introduction
Annual testing for blood in the stool using high-sensitivity guaiac fecal occult blood tests (gFOBT) or fecal immunochemical tests (FIT) is one of several recommended colorectal cancer screening strategies for adults 50 to 75 years old (1, 2) . Fecal blood testing requires colonoscopy to evaluate positive test results, but reported follow-up colonoscopy rates vary substantially, from less than 50% to 90% within 1 year of a positive test (3) (4) (5) (6) (7) (8) (9) (10) (11) . Little is known about the variability in time to follow-up colonoscopy and how this may differ among individuals and across health care systems.
Understanding the variability in follow-up colonoscopy after a positive fecal blood test may help health care providers and systems identify patients in need of targeted interventions to complete follow-up. Research on determinants of follow-up, including age and gender, has yielded conflicting results, and few studies have examined other characteristics such as race or comorbidity. Also, most prior studies have been restricted to health care settings such as the Veterans Administration (VA; refs. 3, 5, 9, [12] [13] [14] , individual health maintenance organizations (6, 7) , or international screening programs (4, 5, 10, 11) whose results may not be more broadly generalizable within the United States. There is increasing interest in studying follow-up to abnormal screening tests in a multilevel context (15, 16) , but to date, few studies have compared follow-up times across health care systems. Such studies are needed to lay the groundwork for future research on improving the effectiveness of cancer screening.
Our aims, therefore, were to characterize time to follow-up colonoscopy after a positive fecal blood test and to identify factors associated with timing of follow-up across four U.S. health care systems, which provided a geographically and ethnically diverse study population.
Materials and Methods

Setting
This study was conducted as part of the NCI-funded consortium Population-Based Research Optimizing Screening through Personalized Regimens (PROSPR). The overall aim of PROSPR is to conduct multisite, coordinated, transdisciplinary research to evaluate and improve cancer screening processes. The seven PROSPR Research Centers reflect the diversity of U.S. delivery system organizations. This article's data originate from Group Health (GH), Kaiser Permanente Northern California (KPNC), Kaiser Permanente Southern California (KPSC), and Parkland Health and Hospital System-University of Texas Southwestern Medical Center (PHHS-UTSW). Details of the Research Centers' populations and screening practices have been described elsewhere (17) .
The current analysis was restricted to individuals with a positive gFOBT (1 positive card) or FIT between January 1, 2011 and December 31, 2012 (N ¼ 74,754). A patient's first positive fecal blood test during this time window was considered the index test. Participants in the integrated health care delivery systems (KPNC, KPSC, and GH) were required to have been continuously enrolled (with no more than a 90-day enrollment gap) in their health care system from January 1st of the calendar year prior to the index test (i.e., 2010 or 2011). The GH population was limited to patients who were covered by GH and selected or were assigned to one of its Medical Centers for their primary care. Participants from the safety net health system (PHHS-UTSW) were required to have had at least one primary care visit in the above time frame to indicate that PHHS-UTSW was their medical home. We excluded patients who had a colonoscopy or positive fecal blood test in the calendar year prior to their index fecal blood test (N ¼ 2,521); patients not enrolled during the calendar year before their index test (N ¼ 7,719) or whose index test was an in-office or single specimen guaiac test and thus not considered adequate for screening (N ¼ 2,091); and patients missing the end of follow-up date (N ¼ 41). The final analytic cohort consisted of 62,384 subjects.
Data collection
Data were collected from automated data systems, including the electronic health record and administrative databases at each health care system (17) . Variables included demographic characteristics, diagnoses, and procedures that were available as PROSPR common data elements and had been examined in prior studies (3, 4, 7, 10, 14) . We also included body mass index (BMI) because of its association with receipt of colorectal cancer screening in certain subgroups (18) . Age was computed at the time of the index test and BMI was calculated from height and weight recorded in the year before the index test. Charlson comorbidity scores (19) were computed with a standardized algorithm at each center using ICD-9-CM codes from care episodes in the calendar year before the index fecal blood test. Prior colorectal cancer testing was defined as having a record of a fecal blood test, colonoscopy, or sigmoidoscopy before the index fecal blood test. Information on prior testing was available beginning in 2006 for GH, 1999 for KPNC and KPSC, and 2009 for PHHS-UTSW.
Analysis
Our primary outcome was time from index fecal blood test to colonoscopy. Participants with no colonoscopy during follow-up were censored at the earliest of death, health plan disenrollment, or end of study (December 31, 2012) .
We calculated the probability of follow-up colonoscopy at time points following a positive fecal blood test using the KaplanMeier method, accounting for censoring. Cumulative incidence of colonoscopy curves were generated by plotting the estimated probability versus follow-up time for each health care system. We compared cumulative incidence of follow-up curves using the log-rank test (20) . We also used the Kaplan-Meier method to estimate the probability of follow-up by 1, 2, 3, 6, and 12 months and median follow-up times with 95% confidence intervals (CI). We supplemented primary analyses with an exploration of cliniclevel variation in follow-up times. We computed the interquartile range (IQR) of the proportion of patients within clinics who received a follow-up colonoscopy within 6 months of a positive fecal blood test. Description of between-clinic variability was limited to the two health care systems that provided clinic-level identifiers, GH (26 clinics, with 5-424 positive fecal blood tests) and PHHS-UTSW (12 clinics, with 2-128 positive fecal blood tests).
We used multivariate Cox proportional hazards models to estimate HRs and 95% CIs. First, we evaluated health care system as an effect modifier. For each covariate of interest, we tested for effect modification by health care system with a Cox regression model including an interaction between that covariate and health care system, adjusting for all other covariates. The likelihood ratio test for the interaction was calculated comparing the models with and without the interaction terms. We repeated this for each variable of interest. Because we did not find strong evidence for health care system as an effect modifier, our final model did not include interaction terms. The final model included age, BMI, Charlson comorbidity score, gender, race/ethnicity, and health care system as covariates. Persons with missing covariate values (N ¼ 14,557) were excluded from the full model, leaving 47,827 subjects.
Tests of proportional hazards assumption based on Schoenfeld residuals (21) indicated that the assumption was violated for health care system (P < 0.001). To address this, we estimated proportional hazards models that were stratified by health care system. This relaxed the proportional hazards assumption for health care system by allowing baseline hazards to vary across systems. Results for other covariates were nearly identical (not shown). We therefore only report the results from the main Cox model, which provides the averaged association with health care system over the full follow-up period. As a secondary analysis, we fit separate multivariate Cox models (including health care system as a covariate) where follow-up periods were restricted to 3 and 6 months to evaluate how the associations varied by time.
Because age eligibility varied by health system, we conducted sensitivity analyses in which we separately considered models for persons <65 years old (including all four health care systems) and persons ages 65 to 89 years (restricted to the three health care systems with participants in this range).
All activities were approved by the institutional review boards associated with each Research Center and the Statistical Coordinating Center. Analyses were conducted using R version 3.1.1 (http://www.r-project.org/) and SAS version 9.3 (SAS Institute Inc).
Results
Demographics
The study population consisted of 62,384 subjects (Table 1) , 61% of whom were younger than 65 years old. About half were male (52%), had a Charlson comorbidity score of 0 (52%), and were non-Hispanic white (54%). Nearly 1 in 5 (19%) was Hispanic. Most participants had been tested for colorectal cancer previously (78%) and were members of Kaiser Permanente in the northern or southern California regions (95%). Nearly all index tests were FITs (98%). The 47,827 persons with no missing data who were included in the multivariate model (Supplementary  Table S1 ) were generally similar to persons with some missing data, except they were more likely to have previously been tested for colorectal cancer.
Time to follow-up by health care system
In all four health care systems, most patients who received a follow-up colonoscopy did so within 6 months of their positive fecal blood test (Fig. 1) . However, the estimated probability of receiving a follow-up colonoscopy varied across health care systems (log-rank P value <0.001). For example, estimated 12-month follow-up probabilities ranged from 58.1% (95% CI, 51.6%-63.7%) to 83.8% (95% CI, 83.4%-84.3%); and differences across health care systems were also observed at 1, 2, 3, and 6 months ( Table 2 ). The follow-up probabilities increased sharply initially then leveled off around 3 months (for the integrated health care delivery systems) to 6 months (for the safety net system). Of note, the KPNC and KPSC curves cross at approximately 3 months. The median number of days to colonoscopy follow-up differed across systems: 41 (95% CI, 40-41) at KPSC, 47 (95% CI, 46-47) at KPNC, 84 (95% CI, 80-92) at GH, and 174 (95% CI, 123-343) at PHHS-UTSW. The shapes of the follow-up probability curves were similar when restricted to patients with full covariate information available (results not shown).
Even after adjustment for patient-level variables, health care system remained associated with follow-up time ( Table 3) . The association between health care system and receipt of follow-up varied slightly over time. For example, when we restricted followup time to 3 months the HR for KPNC (with KPSC as the reference health system) was 0.92 (95% CI, 0.90-0.95), compared with 0.97 (95% CI, 0.95-0.99) for 6 months of follow-up (Supplementary Table S2 ). The variation in the association over time is consistent with the crossing follow-up probability curves in Fig. 1 .
Follow-up rates varied across clinics within the health care systems that had data available for this analysis. At GH, the IQR of the proportion of patients receiving follow-up within 6 months 
Patient-level risk factors
Time to colonoscopy follow-up varied by patient characteristics, even after adjustment in the multivariate regression model (Table 3) . Compared with patients 50 to 54 years old, patients 55 to 69 years old had similar follow-up rates, but older patients (70-89 years old) were at a higher risk of not receiving follow-up. Follow-up rates were lower in patients with higher comorbidity scores and not previously tested for colorectal cancer. In comparison with age and comorbidity, there was relatively little variation in rates by gender, BMI, or race/ethnicity, though some small associations were statistically significant due to the study's large sample size. Results for all covariates were similar in a model where baseline hazards were allowed to vary by health care system (results not shown).
Discussion
Variations by health care system This large cohort study conducted within four diverse health care systems demonstrates that differences exist across health care systems in the time to follow-up colonoscopy and in the proportions of patients who receive follow-up colonoscopy within 12 months of a positive fecal blood test. All four health care systems had some patients with a positive test who did not receive a follow-up colonoscopy within 1 year. The system-level variation in percent of patients who remained in the cohort but did not receive follow-up colonoscopy within 12 months of a positive fecal blood test is consistent with the wide range reported in the literature (3, 4, 6, 7, 9, 10, 22) .
The two health care systems in our study with the highest colonoscopy follow-up rates (KPNC and KPSC) are integrated health care delivery systems that, in 2011, had ambitious targets for time to colonoscopy after a positive fecal blood tests (KPNC: target of 80% within four weeks; KPSC: target of 100% within 14 days), prospective appointment supply monitoring (KPSC only), performance monitoring via monthly dashboards and reports shared with leadership (e.g., chiefs, managers, and medical directors), and organizational targets for screening. At GH, also an integrated health care delivery system, primary care providers followed-up on positive fecal blood tests. GH also maintained a registry of patients who had not received follow-up colonoscopy and contacted them approximately 4 months after a positive fecal blood test and every 3 months thereafter if the positive fecal test had not been resolved. However, at GH, reports on follow-up testing were not routinely sent to leaders. Also GH contracted out many colonoscopies, and so may have had less direct control over colonoscopy capacity. The system with the longest follow-up time was a county-wide, public, safety net health system with limited colonoscopy capacity whose patients may face greater personal and system-level barriers to successfully completing follow-up colonoscopy. Like other studies (23), we observed some variation in follow-up time across clinics within health care systems, which may reflect differences in patient populations or local practices.
Previous research has suggested a variety of reasons for lack of follow-up after an abnormal fecal test, including physician decision not to follow-up (24), lack of referral (9), and patient nonadherence (9) . These factors, in addition to patient characteristics, may vary across health care systems and may also account for some of the differences in colonoscopy follow-up that were observed between systems in our study.
Our findings are consistent with recent research demonstrating the importance of organizational structures and processes in follow-up of positive fecal blood tests. A VA study of 98 facilities found that 60-day colonoscopy follow-up rates were associated with direct notification of gastroenterology providers by gastroenterology staff and with colonoscopy appointment availability not being identified as a barrier (23) . Follow-up rates were also related to the how instructions for bowel preparation were delivered. Randomized controlled trials and observational studies of quality improvement initiatives have also suggested that organizational processes can improve follow-up, at least in VA and managed care settings. For instance, evidence suggests that interventions that automatically notify gastroenterology of a positive fecal blood test are effective (25, 26) . Providing educational outreach to PCPs and reminding them when patients have gone 60 days without followup (27) may also increase follow-up rates. Combining provider education, reduction of gastroenterology backlog, and electronic fecal blood test result notification may be effective (28) . The effect of patient navigation is less clear but also promising (29, 30) . Thus, in general, data support the importance of organizational factors in the completion of diagnostic work-up of positive fecal blood tests. This existing body of literature helps explain our observation that in a multiinstitutional setting, the health care systems with the shortest time to follow-up and highest percent follow-up were those with the most extensive organizational systems in place to facilitate follow-up colonoscopy.
Timing of follow-up
A unique contribution of our study is its presentation of time to follow-up colonoscopy as a continuous measure with cumulative incidence of follow-up curves to visualize trajectories. We report that most persons who received follow-up did so within 6 months of their positive fecal blood test, though the median follow-up time differed by health care system. The percentages of patients followed-up by 2 months (range across health care systems:17%-62%) and 6 months (range across health care systems: 50%-81%) in our study were similar to but slightly higher than those from Partin and colleagues's study of VA hospitals during a similar time period. Partin and colleagues reported that 30% of positive fecal blood tests were followed up by 60 days (range across facilities: 10%-57%) and 49% by 6 months (range across facilities: 30%-70%; ref. 23 ). VA studies from earlier time periods reported lower 60-day (24.5%, IQR: 13.8% to 40.7%; ref. 31 ) and 1-year follow-up rates (around 40%; refs. 9, 14) compared with our study. A 2009 report from a multispecialty group practice found approximately two-thirds of positive fecal blood tests were followed-up within 1 year. Like us, they observed that most follow-up occurred within 6 months (87% of colonoscopies performed) and additional 7% were completed between 6 months and 1 year; ref. 7).
Our results do not provide evidence about optimal timing of follow-up colonoscopy outreach efforts, but they do suggest that patients without a follow-up colonoscopy within approximately 6 months of a positive fecal blood test are unlikely to complete a diagnostic evaluation in the absence of additional outreach beyond what the health care systems in our study had already implemented. We cannot be sure why 6 months was a notable time point; however, the consistency across health care systems suggests that it might be a generalizable feature of patient behavior rather than system-level factors. Health plans and practices may wish to consider studying the effect of additional interventions for patients, providers, and health care systems at 6 months to increase follow-up rates. Ideally, intervention design would also be informed by data on the relationship between timing of follow-up and colorectal cancer outcomes. It will be important for future studies to assess whether follow-up delays are associated with adverse clinical outcomes. Understanding this association may help inform follow-up recommendations, intervention design, and evidence-based metrics for health care systems.
Individual-level risk factors
In our study, older age and higher comorbidity burden were independent risk factors for lack of follow-up. Increasing age was previously associated with lack of follow-up in some (4, 7, 10) but not other studies (3, 5, 6, 9, 32) and, in contrast to the current study, two prior studies that also used Charlson comorbidity scores did not observe an association with receipt of follow-up (3, 14) . The discrepancy between findings from these studies and ours might be explained by the fact that both other studies were conducted in the VA nearly 15 years ago and had overall lower follow-up rates (around 40% within 1 year). To our knowledge, studies have not directly investigated whether individual-level predictors of follow-up completion differ by time interval (e.g., within 2, 3, 6, and 12 months).
Consistent with our study, several others have not observed strong associations between gender and complete diagnostic follow-up (5, 7, 8, 13) , but others have suggested women are less likely than men to receive follow-up testing (6, 11, 32) . The four studies conducted in the VA were all (3) or almost all male (5, 9, 14) and therefore were limited in their ability to analyze gender as a risk factor. In previous studies, rates of follow-up in African-Americans have been comparable to (3, 9) or higher (7) than in whites.
Our age and comorbidity findings may offer a basis for further detailed studies of these areas and for intervention research. These data also suggest opportunities for research into patient 
Strengths and limitations
PROSPR provides a unique opportunity to study fecal blood screening in a large, diverse subset of the U.S. population. A major strength of this study is that we were able to adjust for potential confounders that many other studies have not been able to account for, such as comorbidity. Other strengths of our study include that the racial and ethnic distribution of the population was similar to that of the U.S. general population (34) and that we used administrative and clinical data sources to ascertain completion of follow-up testing, rather than self-report, thereby reducing the likelihood of bias due to differential reporting.
Although our study identifies important opportunities for future intervention research, it has several important limitations. First, the patient characteristics we studied were generally not modifiable; thus, our study highlights patients to target rather than characteristics that can be intervened upon. Second, about one quarter of participants were missing data on one or more covariates and were excluded from multivariate analysis. However, those that were excluded because of missing covariate data were similar to those included in analyses with respect to all variables except prior screening history. Third, 100% follow-up may not be an appropriate target. We cannot be certain that all of the fecal blood tests were for colorectal cancer screening. We excluded single specimen guaiac tests and in-office tests but not those conducted in inpatient settings as there were no separate procedure codes to identify these. There also may be patients for whom subsequent colonoscopy is not recommended on the basis of comorbidities or age. At two sites, these patients may have received a FIT kit through a mass mailed outreach program. Thus, there may be an opportunity to more selectively target patients to receive outreach. Fourth, a limitation of this study is that we did not include socioeconomic status variables in our model, which may have resulted in residual confounding, particularly of the association between health care system and time to follow-up (35) . Finally, we did not have provider-or clinic-level identifiers for patients at KPNC or KPSC, which precluded us from characterizing the structure of the data and examining variability in follow-up time within health care systems. Exploratory analyses with data from GH and PHHS-UTWS suggested that the variability among clinics within a health care system was smaller than the observed between-system variability in time to follow-up. Future studies that provide a more detailed characterization of sources of variability could provide additional insight into gaps in care and opportunities for intervention.
Summary
In summary, we found that even when patients have access to coordinated health care, many do not receive follow-up colonoscopies after abnormal fecal blood tests. Understanding the timing of follow-up, as well as characteristics associated with lack of follow-up, may inform future efforts to tailor and test interventions to improve follow-up after positive a fecal blood test. Our finding that both individual-level factors as well as health care system were associated with follow-up strengthens the rationale for investigating multilevel interventions to improve follow-up after abnormal screening tests (15) .
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